Abstract In this research the effects of mordant and plasma sputtering treatments on the crystallinity and morphological properties of wool fabrics were investigated. The felting behavior of the treated samples was also studied. We used madder as a natural dye and copper sulfate as a metal mordant. We also used copper as the electrode material in a DC magnetron plasma sputtering device. The anti-felting properties of the wool samples before and after dying was studied, and it was shown that the shrink resistance and anti-felting behavior of the wool had been significantly improved by the plasma sputtering treatment. In addition, the percentage of crystallinity and the size of the crystals were investigated using an X-ray diffractometer, and a scanning electron microscope was used for morphological analysis. The amount of copper particles on the surface of the mordanted and sputtered fabrics was studied using the energy dispersive Xray (EDX) method, and the hydrophobic properties of the samples were examined using the water drop test. The results show that with plasma sputtering treatment, the hydrophobic properties of the surface of wool become super hydrophobic.
Introduction
Wool is regarded as a luxurious fiber because of superior characteristics such as the ability to be shaped by heat and moisture, good moisture absorption without feeling wet, excellent heat retention, water repellency and flame-retardancy. However, wool also has the undesirable properties of felting and shrinking under certain conditions, such as moisture, heat and mechanical agitation, because of its morphological structure and scale surface composition. All textiles made of untreated wool tend to felt in regular machine washing conditions. Nowadays, wool products are expected to show the same easy-care properties as articles from manmade fibers [1∼3] . Felting is an undesirable feature of woolen clothes. It occurs as a result of the directionally dependent frictional coefficient of the wool fibers. To reduce felting, this directional dependency must be decreased. This is currently realized by treating the wool in a chlorine-containing solution. During this treatment the outer surface of the wool, which is approximately threequarters protein and one-quarter lipid, is etched [4, 5] . However, this procedure now needs to be replaced by a more eco-friendly one [4] , and plasma pre-treatments are environmentally friendly and energy-efficient processes for modifying the surface chemistry of materials [6∼9] . Low-temperature plasma (LTP) has already been used in industry for the treatment of metal and polymer materials. The structures of fiber and textile materials are more complicated compared with plain metal or plastic surfaces, but recently there has been greater interest in the plasma treatment of textiles.
Conventional finishing techniques applied to textiles (dyeing, stain repellence, flame retardance and antibacterial treatments) generally use wet-chemical process steps and produce a lot of waste water. Plasma treatment, on the other hand, is a dry and eco-friendly technology because of the nano-scaled modification on the textiles and fibers [10∼19] . Plasma treatment usually induces the following processes: dehydrogenation and consequent unsaturated bond formation trapped stable free-radical formation, the generation of polar groups through post-plasma reactions and the generation of increased surface roughness through preferential amorphous structure ablation processes [20] . In recent years, concern for the environment has created an increasing interest in natural dyes. Conventional wisdom leads to the belief that natural dyes are friendlier to the environment than their synthetic coun-terparts, although the issue is not necessarily quite straightforward [21, 22] . The natural dyeing on wool needs mordant treatment before dyeing, and the dyeing technology allows for the acquisition of various hues and colors from each dye by the use of the mordant. The mordant is also used for achieving better colorfastness and absorbance [3] . The reaction in this case, however, is stronger between the dyestuff and the metallic mordant than between the dyestuff and the fiber itself. It has been seen that certain dyes (such as the alizarin and anthracene series) do not form stable combinations with the fibers. If wool, for example, is boiled in a solution of Alizarin Red (madder), in a certain sense it will become dyed, but the color may easily be washed from the fiber. Furthermore, wool (and also silk) has the property of dissolving and fixing metallic salts in much the same manner. Therefore if the animal fibers are first boiled in a solution of this metallic salt, a certain quantity of the metallic oxide becomes dissolved and fixed in the substance of the wool, and the prepared fiber can then be dyed with a permanent color using the alizarin (or other mordant) dyestuffs.
An important characteristic of natural dyes is the presence of metalizable groups such as hydroxyls, or pairs of hydroxyls and carboxyls, or hydroxyls and aminos in the dye structure. The hydroxyl radical is responsible for the inherent property of fastness to wet treatments. The metallic mordants have an increased affinity for both wool and natural dye, and chemically combine with the basic side chains of the wool and metalizable groups of the natural dye.
In our previous work the effect of plasma sputtering treatments on the natural dyeing properties of wool and the possibility of substituting it for mordant treatments were studied. The dyed treated samples gained very good antibacterial properties [23] . It was shown that by copper sputtering on the wool surface in a very short exposure time without any chemicals, it is possible to easily dye the wool samples with madder as a natural dye.
In this research, the effect of mordant and plasma sputtering treatments on the morphological properties and crystallinity of the wool fabrics was investigated, and the felting behavior of the treated samples before and after dyeing with madder was studied.
Experiment
The wool used in this work was produced by Iran Merinos Co., Iran. The fabrics were woven by 20 denier warp and weft yarns composed of 26 filaments. For sample preparation, the size residues and contamination on the fabrics were removed by conventional scouring processes, and the fabrics were washed in 0.5 g/L sodium carbonate and 0.5 g/L anionic detergent solution (dilution ratio to water = 1:10) at 80
• C for 80 min. Then washing was conducted twice with distilled water at 80
• C for 20 min, and also once at ambient temperature for 10 min. The madder was prepared in Yazd, a province of Iran, while the copper sulfate (CuSO 4 ) and citric acid were purchased from Merck. The scoured wool fabric was divided into two groups, of which one was mordanted by copper sulfate and the other was copper deposited by a plasma sputtering device. Deposition was performed in a DC magnetron sputtering chamber at the Plasma Physics Research Center in Tehran, Iran. The device is made of a cylindrical tube with a copper post cathode, in which samples were placed on the anode and exposed to argon plasma for different durations. The chamber was evacuated to a pressure of 2 × 10 −5 Torr using a rotary and diffusion pump, and then argon gas was introduced. The working pressure was 2 × 10 −2 Torr, voltage was kept constant at 2000 V and the discharge current was 220 mA. The durations of Cu deposition were 1 min, 3 min and 7 min for the different samples. As mentioned before, one group of samples were steeped in the mordant bath prepared by 5% (o.w.f.) copper sulfate (pH = 4.5∼5.5) adjusted by acetic acid. The bath ratio was 1:40 (1 g of fiber in 40 mL of solution). Mordanting of the samples was started at room temperature and the temperature was increased at the rate of 2
• C/min to the boiling point and maintained for 60 min. Samples were then rinsed with tap water and dried at room temperature. Then the mordanted and sputtered samples were dyed with madder according to the method described in another report [23] . The morphology of the fabrics was observed using a scanning electron microscope (SEM) (TESCAN Brno, Czech Republic). All of the samples were gold coated before SEM examination. An EDX unit (energy dispersive X-ray) connected to an SEM microscope was used to determine the percentage of the atomic contents of the elements present in the treated fabrics and to compare the amount of copper deposited on the surface of the treated and untreated samples. The dimensional changes of the LTP-treated wool fabric were tested according to AATCC Test Method 99-1993 [24] . Owing to the limited size of the plasma reaction chamber, the size of the fabric sample used was 65 × 35 mm 2 , with a 60 × 30 mm 2 mark on the fabric. The fabric was conditioned before measurement, which assessed the shrinkage in length of both the warp and weft directions, and finally the area shrinkage was calculated. The degree of shrinkage in the length and the area change were calculated (expressed in %) according to Eqs. (1) and (2), respectively.
Here, l f is the final length after treatment (mm), l o is the original length before treatment (mm), A is the final area after treatment (mm 2 ) and O is the original area before treatment (mm 2 ). Wettability was evaluated by measuring the absorption time of four distilled water drops on the fabric. The percentage of crystallinity and the size of crystals were investigated using an X-ray diffractometer (SEIFERT, PST 3003).
3 Results and discussion 3.1 Morphological examination Fig. 1 shows the SEM images of the untreated and treated wool fiber surfaces obtained under different conditions. As we know, the presence of a microporous hydrophobic layer, called an epicuticle, makes the fiber surface difficult to get wet. However, it seems that after plasma sputtering treatments, the scales on the fibers are covered, as is the epicuticle. This is due to the deposition of metal particles on the pores of the wool fabric. By attaching the argon heavy particles to the surface of a copper cathode inside the plasma reactor, the copper particles are removed from the cathode electrode and deposited on the surface of the wool fabric, and although the surface of the wool fibers can also be covered by copper particles in the case of mordant treatment, the sputtering effect is more pronounced than that with the mordant treatment. Fig. 2 shows the particles of the madder dye on the surface of the wool fibers. It is shown that after sputtering, more madder dye can be absorbed by the surface of the fibers. This is because more copper covered the surface of the sputtered samples, and madder dye with metalizable groups can have complexes with copper particles. The results of the EDX are shown in Fig. 3 . As expected, by increasing the plasma exposure time, more copper particles have been deposited on the surface of the wool fibers. 
Fabric shrinkage
In a shrinkage test we observed that the dimensional changes of the fibers in the warp direction are greater than that in the weft direction. The relaxation dimensional change occurred when the fabric was immersed in water without agitation, so that the strains and stresses imparted during fabric formation could be released. The fabric was then dried and reconditioned to a relative humidity of 65%, at which it was measured. It was found that for the plasma sputtered samples, there was no change in the fabric's dimensions after the relaxation process. However, the shrinkage for the untreated wool fabric, as shown in Table 1 , was at its greatest in both the warp and weft directions. The felting dimensional change is an irreversible process which occurs in a wool fabric when it is subjected to agitation in laundering. The maximum value of the felting dimensional changes in the untreated wool fabric was 20%, which was only a moderate change for the untreated fabric. However, when this value is compared with that of the plasma treated and mordant treated fabrics (0 and 5%), we found that the sputtering treatment has imposed significant shrink-resistant and anti-felting effects on the wool fabric. Table 1 shows that the area shrinkage has significantly decreased after mordant treatment and reached zero after plasma sputtering treatment. As can be seen, dyeing the samples with madder has improved shrink resistance.
Generally speaking, wool fabric shrinkage is related to the frictional coefficient of the constituent of the wool fibers, and it is common knowledge that plasma treatment increases the dry and wet frictional coefficients in the scale and anti scale directions [22] . However, the effect of the plasma process is attributed to several changes on the wool surface, such as the formation of new hydrophilic groups, the partial removal of covalently bonded fatty acids belonging to the outermost surface of the fiber, the etching effect, and in the case of plasma sputtering it can be attributed to covering the scales, which reduces the differential friction coefficients of the fibers and thus decreases the natural shrinkage tendency.
Water drop test
The water repellency qualities of the samples were evaluated through the water drop test, in which drops of a controlled size were placed at a constant rate onto the fabric surface, and the required penetration time for the fabrics was measured. The results are shown in Table 2 , where the absorption times have been recorded for different treated samples. As can be seen, after plasma sputtering the water-absorption time has been increased. By increasing the plasma exposure time, the water absorption time is increased to more than one hour. But in the case of mordant treatment, the increase in absorption time is not significant. The results showed that the effect of dyeing on absorption time is not meaningful. 
X-ray diffraction
X-ray diffraction (XRD) is a crystal structure analysis method using the atomic arrays within the crystals as a three-dimensional grating to diffract a monochromatic beam of X-rays. The angles at which the beam is diffracted are used to calculate the interplaner atomic spacing (d-spacing), giving information about how the atoms are arranged within the crystalline compounds. XRD is also used to measure the nature of the polymer and the extent of crystallinity presented in the polymer sample. The results of the XRD analysis of the samples are shown in Fig. 4 . The data reported in Table 3 show some new peaks in different 2 thetas that are attributed to the copper produced through sputtering or mordanting. It should be mentioned that the peaks around the 2 thetas of 42, 43.5 and 48 are attributed to the wool crystals. However, according to the copper standard card, these peaks may belong to copper. So it can be concluded that the crystals of wool and copper in these areas are overlapping. Fig. 4 shows that, by mordant treatment, not only are the intensity of these peaks increased, but other peaks that are attributed to the copper crystals also appear. By 1 min plasma sputtering, the intensity of the peak around a 2 theta of 43.20 has been decreased to 130.87. This is due to the attaching of the heavy particles to the surface of the wool fibers. By increasing the exposure time to 7 min, we can see that the intensity of the peaks is increased, which means that the percentage of crystallinity has been increased. As shown in Table 3 , the FWHM amounts for the plasma sputtered samples, compared with the mordant treatment, have increased. This means that with plasma sputtering the size of the crystals has decreased, which is as a result of attaching heavy particles to the surface of the fabrics. Generally speaking, it can be concluded that by increasing the plasma sputtering time, the percentage of crystallinity is increased, while the size of the crystals is decreased.
Conclusion
In this research, the effect of mordant and plasma sputtering treatments on the morphological properties and crystallinity of wool fabrics was investigated. The felting behavior of the treated samples was also studied. The results show that under plasma sputtering treatment, the shrink resistance and anti-felting behaviors of the wool have been significantly improved. By dyeing the treated samples with madder dye, the shrink resistance is more pronounced. Table 1 shows that after mordant treatment the area shrinkage has been significantly decreased, and after plasma sputtering treatment the area shrinkage has reached zero. It can be seen that by dyeing the samples with madder we have a marked improvement in shrink resistance. It is also shown that with plasma sputtering treatment, the hydrophobic properties of the wool surface become super hydrophobic, and that this effect remains even after the dyeing process. Thus it can be concluded that with plasma sputtering, it is not only possible to easily dye the wool samples with natural dyes that have acceptable wash fastness [23] , but also that the anti-felting behavior is improved significantly. In addition, we have shown that by increasing the duration of plasma sputtering, the percentage of crystallinity is increased while the crystal size is decreased.
